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We have investigated the evolution of (La0.7Ba0.3)MnO3 (LBMO) surfaces epitaxially grown on SrTiO3 (001) substrates using high-
resolution X-ray scattering and atomic force microscopy (AFM) measurements. At an early stage of growth, highly strained LBMO epilayers
were formed and nearly pseudomorphic growth of LBMO epilayers on SrTiO3 substrates was expected. For these thin layers, roughness
varied with thickness through a scaling exponent b =0.102T0.01. As the LBMO epilayer thickness attained 72 nm, the growth front of the
film became quite rough, which is related to the relief of strain. From AFM images, distinct large 3-D islands were formed on the rough film
surface in the regime of rapid roughening; this regime is described with a scaling exponent b =0.734T0.01. An effective critical thickness of
a LBMO film epitaxially grown on a SrTiO3 substrate is experimentally determined to be about 50–72 nm.
D 2005 Elsevier B.V. All rights reserved.Keywords: Surface evolution; Dynamic scaling; X-ray scattering; Growth mode1. Introduction
Doped pseudocubic perovskite manganese oxides La1–
xAxMnO3 (A=Ca, Sr and Ba) have attracted much interest
because of the ‘‘colossal’’ magnetoresistance (CMR) that
they display [1,2]. These oxides exhibit magnetoresistances
up to a few hundred per cent in fields of a few Tesla near the
Curie temperature. Epitaxial thin films of these oxides offer
diverse opportunities to explore and to manipulate the
properties of doped manganites [3]. For applications of a
device, a thin-film structure is required, but strain due to
lattice mismatch can strongly affect the properties of such
manganite thin films [4]. For controlled fabrication of a
manganite heterostructure, clarification of the detailed0040-6090/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.tsf.2005.07.187
* Corresponding author. Tel.: +886 3 5780281x7120; fax: +886 3
5783813.
E-mail address: hylee@nsrrc.org.tw (H.-Y. Lee).influence of strain on their microstructure is thus highly
desirable.
The evolution of surface morphology during crystal
growth is currently investigated extensively both theoret-
ically and experimentally [5–8], but it is difficult to
provide rigorous proof of kinetic roughening, which is a
highly nonequilibrium phenomenon. The reason is mainly
that the complicated growth conditions in real systems are
far from idealized conditions applicable in typical theoret-
ical calculations [9,10]. Recently, important progress has
been made in a dynamic scaling approach [11,12].
Theoretically, it is generally recognized that the morphol-
ogy and dynamics of formation of a film surface exhibit a
simple dynamic scaling behavior despite the complicated
nature of the growth process. A surface roughness
parameter r is definable to account for root-mean-square
(rms) height fluctuations during the growth and evolution
of an interface. In the absence of a characteristic length
scale, the roughness parameter r is expected to increase(2006) 196 – 200
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Fig. 1. X-ray phi-scan of (101) Bragg peak for a LBMO epilayer 38 nm
thick on a STO substrate.
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b as [6]
r tð Þ¨tb; ð1Þ
in which t is the duration of deposition. This duration is
described as directly proportional to the epilayer thickness.
Here, we report the results of growth of epitaxial LBMO
films on SrTiO3 (STO) substrates to understand the
implications of substrate effects in the scheme of kinetic
roughening through measurements of X-ray scattering and
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Fig. 2. Specular reflectivity curves (open circle) and its best fit (solid line)
from LBMO films with varying epilayer thickness.2. Experiments
Films of (La0.7Ba0.3)MnO3 were epitaxially grown on
SrTiO3 (001) single-crystal substrates. The thickness of
these thin films varied from 6 nm to 110 nm. During
deposition, the substrate temperature was maintained at 550
-C, and the working pressure of deposition was fixed at 2
Pa, with an Ar/O2 ratio 3:1. The rate of deposition was ¨3
nm/min. Measurements of X-ray reflectivity were per-
formed using Cu-Ka radiation in a standard Huber four-
circle X-ray diffractometer operated at 50 kV and 200 mA.
The incident light was made monochromatic with a flat Ge
(111) crystal and two sets of slits served to eliminate Cu-
Ka2 contamination so as to obtain a wave-vector resolution
in the scattering plane of order 0.015 nm1. High-resolution
X-ray scattering experiments were performed at wiggler
beamline BL-17B1 at the National Synchrotron Radiation
Research Center (NSRRC), Hsinchu, Taiwan. With two
pairs of slits between the sample and the detector, the typical
scattering vector resolution in the vertical scattering plane
was set to ¨5103 nm1 in these experiments. The
detailed setup of the high-resolution X-ray scattering
experiments was described elsewhere [13].
The surface morphology of the films was investigated
with an atomic force microscope (AFM); these observa-tions were conducted with a contact mode on an area 1
Am1 Am.3. Results and discussion
The epitaxial nature of a LBMO film 38 nm thick on a
STO substrate is demonstrated by the in-plane orientation
(101) with respect to the major axes of the STO substrate as
depicted in Fig. 1. No other peak is observable in intervals
between these four peaks, indicating the LBMO/STO film is
epitaxial with [100]LBMO//[100]STO, [00l]LBMO//[00l]STO.
Fig. 2 exhibits the specular component of the X-ray
reflectivity measured on varying the momentum transfer in
reciprocal space along the surface normal direction. In each
curve, the diffuse scattering was measured and subtracted,
and the data points represent only the specular component.
According to Fig. 2, the intensity oscillations decreased
rapidly as the film thickness attained 72 nm. This rapid
decrease in both overall intensity and oscillation amplitude
indicates that the roughness of the growing front and the
interface of the LBMO film increased rapidly [13], implying
that the growth mode then differs from the initial growth
mode.
To quantify the evolution of surface roughness during
growth, we analyzed the reflectivity data using the
BedeREFS Mercury code [14]. The calculation is based on
Parratt’s recursion scheme for stratified media [15]. The
solid lines in Fig. 2 result from the fits. In the analysis, two
interfaces – LBMO/STO and LBMO/vacuum – are
considered.
The evolution of surface and interfacial roughness of a
LBMO epilayer obtained from the fitting of X-ray reflec-
tivity is plotted in Fig. 3 as a function of epilayer thickness.
The surface and interfacial roughnesses for an epilayer of
thickness between 6 and 50 nm are maintained at 0.36–0.46
nm and 0.37–0.4 nm, respectively. In this work, with the
thickening of an epilayer, there is no significant increase in
surface and interfacial roughness with epilayer thickness
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Fig. 3. The evolution of surface and interfacial roughness of LBMO films
with varying epilayer thickness from the fitted data shown in Fig. 2. The
inset exhibits the evolution of surface roughness as a function of epilayer
thickness which was plotted on a log– log scale. The slope of the curves
represents the dynamic roughness exponent b.
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Fig. 5. FWHMs of the rocking curves of (002) reflection with different
LBMO epilayer thickness.
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the repetition of two-dimensional nucleation and growth of
a LBMO epilayer on the flat terrace of the STO substrate, as
proposed by Visinoiu et al. [16], but a marked increase of
both surface and interfacial roughness was found for a
LBMO epilayer 72 nm thick.
The inset of Fig. 3 depicts the evolution of surface
roughness as a function of epilayer thickness. This evolution
can be divided into two regimes [17,18]. When fitting all
rms roughness data of a surface to tb, in the initial regime,
i.e., an epilayer 6 to 50 nm thick, the obtained value of
exponent b is 0.102T0.01. This small exponent b value
may relate to the presence of surface diffusion which
smooth the surface roughness and minimize the surface
energy during epilayer growth in the initial stage [19].
Following the initial regime, the surface roughness increases
markedly as the film thickness increases beyond 50 nm to
110 nm; this phenomenon might indicate an occurrence of a
significant alteration of the microstructure on the film
surface. This regime of rapid roughening is describable
with b =0.734T0.01.1.7 1.8 1.9 2.0 2.1 2.2 2.3
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Fig. 4. Intensity profiles of the (00L) CTR from the LBMO films with
different epilayer thickness.Fig. 4 exhibits the (00L) crystal-truncation-rod (CTR)
intensity profiles of a LBMO film having an epilayer
thickness in a range from 6 nm to 110 nm. Notably, for thin
films of great crystalline quality, some oscillations of the
diffraction intensity in addition to the Bragg peak of the film
are generally observed in the CTR intensity spectra; the
frequency of these oscillations is related to the coherence
length of crystallinity in the film [20]. For a film with
thickness greater than 72 nm, the absence of oscillations in the
CTR spectra likewise may indicate an inferior quality of these
films, likely because of some microstructural inhomogeneities
such as point defects and dislocations. This result is strongly
consistent with the observation of surface and interfacial
roughness from the fits of X-ray reflectivity curves.
Fig. 5 illustrates the value of full width at half maximum
(FWHM) of rocking curves of the (00L) Bragg reflection
with varied epilayer thickness. The FWHM of films with
thickness less than 72 nm is about ¨0.02-. In general, the
origin of diffuse scattering is related to the formation of
three-dimensional (3-D) islands of which the crystalline c-
axis deviates slightly from the substrate normal direction
because of the presence of dislocations. Therefore, the0 20          40 60         80 100 120
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Fig. 6. Out-of-plane and in-plane lattice parameters of LBMO epilayers
with increasing the films thickness.
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Fig. 7. Root-mean-square surface roughness derived from specular X-ray
reflectivity curves versus strain; the non-vanishing strain component is
defined as exx =(afilm//abulk) /abulk, in which afilm// is the lattice parameter
of the LBMO strained layer along the x direction and abulk is that of the
free-standing atomic plane spacing of bulk LBMO. The solid line is a guide
for the eye.
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growth of misaligned islands is increasing. The large
interfacial roughness and a larger FWHM of rocking curveFig. 8. The AFM images of a 1 Am1 Am area on the surface of the LBMO filmsof the (002) Bragg reflection of a film 72 nm thick might
imply the existence of a large density of misfit dislocation
lines at the interface that plays a dominant role in strain
relaxation [21,22]. An in-plane lattice parameter 0.3905 nm
of a LBMO epilayer is necessary for pseudomorphic growth
on the STO substrate; the bulk lattice parameter of STO is
0.3905 nm. The out-of-plane lattice parameter of a film is
measured directly from the (002) Bragg reflection of X-ray;
the in-plane lattice parameter of a LBMO epilayer is
calculated from the (102) Bragg X-ray reflection according
to an equation proposed by Specht et al. [23]. As depicted in
Fig. 6, the in-plane lattice parameter of a film with thickness
less than 72 nm is about 0.3905–0.3907 nm, indicating a
nearly pseudomorphic growth of a sputtered-LBMO epi-
layer on STO substrates. The c-axis parameter of the LBMO
epilayer further decreases significantly with a thickness
greater than 72 nm whereas the a-axis parameter increases
with enhancing epilayer thickness greater than 72 nm. Tarsa
et al. showed that the strain in STO films becomes more
compressive with a larger out-of-plane lattice spacing [24].
Peng et al. [25] proposed that the strain decreases with
increasing film thickness and the lattice parameter becomes
that of bulk STO with completely strain relaxed in a STO/
LaAlO3 heteroepitaxy. All evidence shows that, when thefrom the film thickness of (a) 27, (b) 38, (c)72, and (d)110 nm, respectively.
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lattice strain is to be expected.
In the case of growth of a LBMO film on a STO
substrate, the lattice mismatch is estimated to be ¨0.4%.
This heteroepitaxial LBMO is hence characterized by either
being strongly strained or containing many misfit disloca-
tions for an epilayer thickness larger than the critical value
[26]. We estimate roughly the critical thickness of LBMO
according to the Matthews formula [27]. Because LBMO
has a perovskite structure, we adopt the dislocation slip
system of BaTiO3 for use in this theoretical calculation [28].
The critical thickness is about 70 nm from our theoretical
estimation. Moreover, an effective critical thickness eval-
uated experimentally from the results of X-ray scattering is
located in a range 50–72 nm.
The degree of surface roughness is quantified and plotted
as a function of strain in Fig. 7. A significantly increased
surface roughness is observed for a compressive strain less
than ¨0.25%. This significant increase of roughness in the
regime of rapid roughening is attributed to a surface
undulation developed to relieve strain [29,30], which is
not included in most theories of kinetic roughening. This
effect might explain that the exponent b value of this regime
of rapid roughening is larger than that predicted according
to the Kardar–Parisi–Zhang theory [31].
To investigate the relationship between strain and surface
morphology, we performed measurements with an AFM.
AFM images (Fig. 8) show that the film surface with an
epilayer thickness less than 72 nm is mostly planar, but a
few small 3-D islands have already nucleated on the surface.
Thermodynamic considerations reveal that the free-energy
minimum surface in a strained system is not atomically
smooth but 3-D in form [32]. The mere presence of strain
forces the close-to-equilibrium surface of a strained epilayer
towards a 3-D island growth front. This condition serves to
interpret the surface morphology obtained for an epilayer
thickness less than 72 nm. When the epilayer thickness
attained 72 nm, readily distinct and large 3-D islands were
formed on the roughened film surface. The driving force of
a coalescence of 3-D islands is believed to be a decreasing
surface energy [33]. Although we could not determine the
conventionally defined critical thickness of a LBMO film in
this experiment, an effective critical thickness about 50–72
nm has been experimentally determined.4. Conclusion
We have investigated the evolution of a LBMO surface
epitaxially grown on SrTiO3 (001) substrates using high-
resolution X-ray scattering and AFM measurements. At an
early stage of growth, a highly strained LBMO epilayer was
formed. At this stage, the surface roughness is described by
a scaling exponent b equal to 0.102T0.01. As the film
thickness attained an effective critical thickness, i.e., 50–72
nm, the growth front of the film became quite rough, relatedto most misfit strain being relieved. At this stage, distinct
and large 3-D islands are formed on the roughened film
surface. The increase of a broad diffuse component of the
FWHM also indicates that the growth of misaligned islands
is increasing in the regime of rapid roughening; this regime
is described with a scaling exponent b =0.734T0.01.Acknowledgement
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